a b s t r a c t osmia rufa is a solitary bee that is used commercially for pollinating crops. The bee enters obligatory diapause as an imago. The activity of proteolytic enzymes during diapause has not been investigated. we studied the proteinase activity on four substrates -casein, haemoglobin, bovine serum albumin (bsa), and gelatine -during diapause (from october to march) and in newly hatched males and females in april. during diapause, greater fluctuations in enzyme activity levels were noted in males than in females, and a significant decrease in male enzyme activity was observed in January and march. male enzymes were most effective in decomposing gelatine; whereas, female enzymes were equally effective in hydrolysing gelatine and bsa. The differences in substrate preferences between male and female enzymes were particularly pronounced in october and in the newly hatched individuals. The levels of gelatinolytic activity likely indicate that a high proportion of proteinases in o. rufa are elastase-like enzymes. They are involved in the digestion and remodelling of proteins with numerous peptide bonds formed by amino acids with short side-chains.
Losses in the populations of pollinating insects, mainly honeybees, reduce crops by approximately 8% per annum. Between 1961 and 2007 , the number of honeybee colonies decreased by 26.5% in Europe and 49.5% in North America (van Engelsdorp and Meixner, 2010) . Solitary bees, including the red mason bee, O. rufa, seem to pose a good alternative to Apis mellifera. O. rufa is a widespread species in North-Central Europe (Conrad et al., 2010) and Northern Africa (Stöcklin et al., 2010 ) that effectively pollinates 130 plant species (Ruszkowski and Biliński, 1986; Giejdasz and Wilkaniec, 2002) . O. rufa is much easier and cheaper to breed than the honeybee; thus, it is often used by farmers for crop pollination (Biliński and Teper, 2004) . The majority of research into O. rufa focuses on its pollination efficiency, plant preferences, breeding methods, and biology (Giejdasz and Wilkaniec, 2002; Biliński and Teper, 2004) . O. rufa enters an obligatory diapause and overwinters as an imago inside a cocoon (Giejdasz and Wilkaniec, 2002) . The diapause duration is determined mainly by temperature; therefore, the length can be controlled artificially to obtain active pollinators during selected seasons. The first studies on the diapause duration revealed that artificial diapause elongation had a negative effect on the survival and life span of hatched individuals (Giejdasz and Wilkaniec, 2002) . This can be attributed to the depletion of energy reserves and lower effectiveness of the antioxidant system (Dmochowska et al., 2012) . Wasilewski et al. (2011) demonstrated that vitellogenesis occurs in female O. rufa during diapause, and it is accompanied by an increase in protein levels in the ovaries Proteolytic activity of red mason bees and a decrease in the protein content of fat bodies. These findings indicate that proteins are rebuilt in diapausing females, which requires proteolytic activity. Previous studies demonstrated that artificially elongated diapauses reduce protein levels in mason bees (Dmochowska et al., 2013) ; although, the activity and properties of the proteinases involved in those processes have never been studied in red mason bees. Thus, we examined the proteolytic activity levels during natural diapause. In addition, we compared the activity and substrate preferences of proteinases from male and female bees.
maTerial and meThods bees. The experiments were conducted during the hibernation of O. rufa between October 2011 and April 2012. Bees were reared outdoors in the Olsztyn area in accordance with the method proposed by Wójtowski and Wilkaniec (1978) . Male and female red mason bees were harvested four times during the study: on 4 October 2011 -in the early diapause period, on 4 January 2012 -in the mid-diapause period, on 15 March 2012 -in the late diapause period, and on 5 April 2012 -when active bees emerged from cocoons in an incubator at 25°C. O. rufa (30 females and 20 males) were randomly selected and analysed in each month of the study. The bees were weighed, placed in microcentrifuge tubes (two individuals per tube) and immediately frozen (anaesthetized) in liquid nitrogen. The material was stored at -71°C until analyses. preparation of O. rufa extracts. The extracts were prepared according to the method described by Dmochowska et al. (2012) . determination of total proteolytic activity. The proteolytic activities of the bee extracts were determined according to Mendiola et al. (1996) using 1% (w/v) solutions of natural substrates: bovine serum albumin (BSA), gelatine, haemoglobin, and casein in Theorell and Steinhagen buffer, pH 7.5. Incubation mixtures contained 25 μL of the O. rufa extract and 125 μL of one of the above substrate solutions. After incubation for 30 min at 37°C, the reaction was stopped by adding 100 μL of 10% trichloroacetic acid (TCA). After 10 minutes, the mixtures were centrifuged for 5 min at 12,000 g, and the absorbance of the supernatant was measured at 280 nm in the NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, USA). Proteolytic activity was expressed in units (U), where 1U corresponded to 1 mg of peptides released from the substrate per mg of protein in the bees' extract. A total of 120 female bees and 80 male bees were used in the experiment. Enzyme activity levels were determined monthly for each substrate in triplicate. determination of protein content. Protein content was determined by a spectrophotometric method at 280 nm wavelength (Aitken and Learmonth, 1996) . The results were expressed in mg of protein per mL of supernatant. statistical analysis. Statistical analyses were conducted using the Statistica (Statsoft, V. 9.0, Tulsa, USA) software package. Data was analysed by multi-factor ANOVA and a post-hoc test. The results were considered statistically significant at p<0.05.
resulTs
The protein content ranged from 15.26 mg/mL to 35.69 mg/mL in female bee extracts and from 16.95 mg/mL to 31.55 mg/mL in male bee extracts. The lowest protein levels were noted in hatched bees (April), and the highest in diapausing individuals (January). Protein levels remained relatively stable in males during diapause. In females, a decrease in protein concentrations was observed between January and March, but it was not statistically significant due to high standard deviations. Significantly lower protein concentrations (p<0.00003) were reported in hatched males and females than in all diapausing individuals (Fig. 1) . Male and female proteolytic enzymes remained active throughout the experimental period. Female proteinases hydrolysed BSA and gelatine more effectively than casein and haemoglobin throughout the entire period of the study (Fig. 2) . For BSA, the observed differences were significant (excluding values for March). Male proteinases hydrolysed gelatine more effectively than the other substrates, and the noted differences were significant (excluding gelatine values for October). There were almost no significant differences in the activity of female enzymes with the same substrates between experimental months, with the exception of the BSA activity in October and March (Fig. 2) . The reverse was observed in males (Fig. 3) . The activity levels of male enzymes were significantly higher in October than in the late diapause period (excluding gelatine values for March) (Fig. 3) . Greater fluctuations in proteinase activity were observed in males than females. For example, proteolytic activity on gelatine ranged from 0.123 U/ mg to 0.34 U/mg in males (Fig. 3) and from 0.138 U/mg to 0.216 U/mg in females (Fig. 2) . Male proteinases showed a preference for the gelatine substrate.
In March and April, their gelatinolytic activity was significantly higher than for the other substrates (p<0.00003). The gelatinolytic activity of proteinases in hatched males was 2-fold higher (0.340 U/ mg) than in October (0.176 U/mg) and nearly 3-fold higher than in January (0.123 U/mg). During the initial diapause period (October), the proteolytic activities for haemoglobin (p<0.002) and casein (p<0.0003) were significantly higher in males than in females. In January, proteinase activity levels for BSA were higher in females than in males (p<0.00003). The activity of extracts from hatched insects differed significantly in relation to BSA (higher in females, p<0.0003) and gelatine (extremely high in males, p<0.0003) (Fig. 2 and 3) . (Lima et al., 2000; Otlewski et al., 2001; Deraison, 2004; Malone et al., 2004; Evans et al., 2006; Strachecka and Grzywnowicz, 2008; Strachecka et al., 2010; Grzywnowicz et al., 2009; Andrejko and Mizerska-Dudka, 2011; Frączek et al., 2013) . Proteinase activity is important for O. rufa that feed on high protein diets composed mainly of pollen (Brodschneider and Crailsheim, 2010) . These bees require an effective proteolytic system to digest proteins present in their diet. The red mason bee enters an obligatory diapause and overwinters as an imago inside a cocoon (Giejdasz and Wilkaniec, 2002) . The diapause of bee species of the genus Osmia can be divided into two stages. A rapid decrease in respiration intensity was observed at the beginning of the first diapause stage (lasting about 100 days), followed by a plateau during which respiratory intensity remained stable or decreased very slowly (Bosch and Kemp, 2003; Sgolastra et al., 2010) . Respiration intensity is an indicator of metabolic rate. The imago stage is achieved before diapause, which could suggest that metabolic processes slowed down to a level supporting the fulfilment of the insect's basic metabolic needs. Wasilewski et al. (2011) demonstrated that this is not always the case. They determined that, during oogenesis in diapausing female red mason bees, fat body proteins are rebuilt and used for vitellogenin synthesis. Proteolytic enzymes participate in those processes. In this study, proteinases were active throughout the entire diapause period. Enzyme activity levels were measured in total body extracts instead of the extracts from fat bodies or the ovaries; therefore, our results cannot be directly compared to the findings of Wasilewski et al. (2011) . Despite this, our observations suggest that enzymes that use casein as their main substrate could be involved in vitellogenesis because their activity patterns in females correspond to the changes in the protein content of O. rufa fat bodies reported by Wasilewski et al. (2011) . Casein is a phosphoprotein, like vitellogenin (Adamson and Reynolds, 1996) . The observed differences in the effectiveness of O. rufa in decomposing various substrates suggest the presence of a heterogeneous range of proteolytic enzymes in the red mason bee. The noted levels of gelatinolytic activity suggest the proteolytic enzymes of red mason bees have a catalytic preferences for peptide bonds formed by amino acids with short side-chains. The proteinases of Fig. 3 . The mean activity of proteinases from male O. rufa. Different letters (a, b) at the top of the bars represent significant differences among the enzyme activities for different substrates in the appropriate month. Brackets represent statistically significant differences between enzyme activities for a specific substrate.
another solitary bee, Megachile rotundata, demonstrated similarly high levels of activity on gelatine (Felicioli et al., 2004) . The gelatinolytic activity in O. rufa increased significantly during the late phase of diapause in females and in newly hatched males. Similar fluctuations in the activity of proteolytic enzymes -trypsin, chymotrypsin, elastase, and aminopeptidases -were observed during diapause in Lymantria dispar (Lee et al., 1998) . In Culex pipiens, the expression of trypsin and chymotrypsin genes decreased at diapause and increased after it (Robich and Denlinger, 2005) . A similar process could take place in O. rufa males where nearly all proteinases were characterized by lower activity levels during the winter dormancy. The caseinolytic and gelatinolytic activities of proteinases increased significantly in newly hatched males. This process was less pronounced in females, perhaps due to oogenesis. In the late phase of diapause, the observed increase in proteolytic activity levels in both sexes, in particular in hatching individuals, could be related to the insects' preparations for active life and food intake. A similar increase in proteolytic activity levels was observed after hatching in other insects, including M. rotundata and Bombyx mori (Indrasith et al., 1988; Ikeda et al., 1990; Felicioli et al., 2004) . The substrate preferences of the analysed enzymes suggest there are sex-related differences. Female and male bees differ in their genomic ploidy levels, which could lead to variations in gene expression, including of protease genes, between the sexes. Szolderits and Crailsheim (1993) described differences in the activities of proteolytic enzymes in A. mellifera males and females. They attributed the observed variations between the sexes to differences in their nutrition strategies and various tasks performed by drones and workers. In red mason bees, there are greater differences between the physiological tasks of males and females, sinceunlike honey bee workers -O. rufa are fertile.
conclusions
Further biochemical research should be conducted on the useful crop pollinator, O. rufa. The observed differences in the effectiveness of breaking down substrates suggest the presence of a heterogeneous range of proteolytic enzymes in the red mason bee. Proteolytic activity levels determined in diapausing female and male red mason bees suggest there are protein transformations occurring during winter dormancy. Our results suggest that, similar to other insects, the proteolytic activity patterns in O. rufa are sex-dependent and could be controlled by a diapause programme specific to them. In late diapause, the observed increase in proteolytic activity levels in both females and males, particularly in hatching individuals, could be related to the insects' preparations for active life and food intake. 
